ascorbate peroxidase ͉ chloroplast ͉ oxidative stress ͉ reactive oxygen species
T he evolution of aerobic metabolic processes such as respiration and photosynthesis led to the continuous production of reactive oxygen species (ROS) in mitochondria, chloroplasts and peroxisomes. Thereby, ground state oxygen is converted to different ROS either by energy transfer or by electron-transfer reactions. The former leads to the formation of singlet oxygen ( 1 O 2 ), whereas the latter results in the sequential reduction to superoxide anion radical (O 2 •-), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (
• OH) (1) . A common feature among these different ROS is their ability to react with a large variety of biomolecules such as lipids, proteins, and nucleic acids that are essential for the activity and integrity of cells. Under steady-state conditions, ROS are scavenged by various antioxidative defense mechanisms. The equilibrium between production and scavenging of ROS may be perturbed by various abiotic and biotic stress conditions, leading to a rapid and transient increase of the intracellular ROS level. Organisms under stress often suffer from damages that have been attributed to the cytotoxicity of these ROS. More recently, however, a second role has been proposed for ROS that implicates them with the signaling of genetically controlled stress-response programs (for reviews, see, for instance, refs. [2] [3] [4] . Sensing changes of ROS concentrations that result from metabolic disturbances seem to be used by plants to activate stress responses that help them to cope with environmental changes.
In plants exposed to various abiotic stress conditions, a large part of the stress-induced transient increase in ROS concentration takes place within chloroplasts, when the balance between light absorption and the use of light energy is disturbed and excess light energy will lead to the inhibition of photosynthesis (5) . Under these conditions, plants may activate alternative electron sinks such as photorespiration (6) and the reduction of oxygen by PSI that results in the enhanced production of O 2
•-, which is, in turn, dismutated to H 2 O 2 , and may help to avoid the stress-induced inhibition of photosynthesis (7, 8) . Once these quenching mechanisms are no longer sufficient to maintain the acceptor site of PSII in a partially oxidized state, photoinhibition of PSII occurs and endorses the enhanced generation of 1 O 2 . Whereas all three ROS mentioned before cause similar cytotoxic damages of photosynthetic membranes, their signaling specificities may be different from each other.
1 O 2 , for instance, is expected to activate a stress-response program adapted to alleviate the negative impact of environmental conditions that enhance the generation of this ROS and that may be different from those that stimulate O 2
•-/H 2 O 2 production. Attempts to unravel the signaling activity of each ROS separately are faced with the problem that within chloroplasts of plants under stress, enhanced levels of different ROS are produced simultaneously (9) , making it very difficult to link a particular stress response to the signaling activity of a specific ROS and to separate this from its cytotoxic effect. We have tried to overcome this obstacle by using the conditional flu mutant of Arabidopsis that generates 1 O 2 in plastids in a noninvasive and controlled manner (10, 11) . flu accumulates free protochlorophyllide in the dark, which acts as a potent photosensitizer that generates 1 O 2 in plastids during reillumination (10) . Immediately after the release of 1 O 2 , the growth rate of mature plants decreases, whereas seedlings bleach and die (10, 11) . These two stress responses primarily are caused by the 1 O 2 -dependent activation of genetically determined stressresponse programs (12) . At the same time, drastic changes in nuclear gene expression occur that affect Ϸ5% of the total genome of Arabidopsis. Several of these genes respond selectively to the release of 1 O 2 and are not affected during a treatment by paraquat, a herbicide that generates O 2 gene expression via distinct signaling pathways. These signaling pathways may act independently or they may interact with each other. In case of extensive cross-talk between these different signaling pathways, it would be even more difficult to define the biological activity of a given ROS and to determine its contribution to the overall response of a plant to oxidative stress than previously anticipated.
In the present work, we have used the overexpression of a thylakoid-specific ascorbate peroxidase (tAPX) to reduce in planta the level of H 2 O 2 (14, 15) . After crossing this transgenic line with the flu mutant, the possible impact of altered levels of H 2 O 2 in plastids on 1 O 2 -mediated stress responses could be determined noninvasively. Overexpression of tAPX in the flu mutant did not reduce the 1 O 2 -induced stress responses, but to the contrary, the intensity of 1 O 2 -dependent growth inhibition and cell death was even higher in the double mutant than in the parental flu line. An extensive analysis of the response of the transcriptome of Arabidopsis revealed that the expression of most of the genes that were activated after the release of 1 (11) . These pathways may operate either independently or interact with each other. We have tried to tackle this problem first by modulating the endogenous level of H 2 O 2 in plastids by overexpressing the tAPX. Such a tAPX-overexpressing line had been shown to be more resistant to paraquat-induced photooxidative stress, whereas under normal growth conditions without exposure to paraquat, it was phenotypically indistinguishable from wild-type plants (14) .
The suppressive effect of tAPX on H 2 O 2 concentrations within the transgenic line was tested by comparing transcript levels of four genes known to be specifically activated during paraquat or H 2 O 2 treatment (11). In tAPX-overexpressing plants that were exposed to paraquat, transcript levels of the ascorbate peroxidase 1 (APX1) gene (At1g07890), a gene encoding a pyruvate kinase (At3g49160), the ferritin 1 (FER1) gene (At5g01600), and a gene encoding an unknown protein (At3g20340) were 2.7 (APX1) to 7.4 (FER1)-fold lower than in paraquat-treated wild-type plants (Fig. 1) , thus confirming the previously reported ability of the chloroplast-specific H 2 O 2 scavenger to reduce the endogenous H 2 O 2 level in plastids of tAPX-overexpressing plants (15) . The reduced activation of these marker genes further confirms their H 2 O 2 -specific responsiveness.
Overexpression of Thylakoidal Ascorbate Peroxidase Increases the
Singlet Oxygen-Induced Whole-Plant Responses. To investigate the possible impact of H 2 O 2 in plastids on 1 O 2 -mediated stress responses, the tAPX-overexpressing line was crossed with the flu mutant, and homozygous double mutants were selected from the segregating F 2 population. In the double mutant, overexpression of tAPX did not alter the overaccumulation of protochlorophyllide in dark-treated flu plants ( Fig. 2A and B) and, thus, did not interfere with the amounts of singlet oxygen that upon illumination would be generated by energy transfer from excited free protochlorophyllide to ground-state oxygen. Two 1 O 2 -induced visible stress reactions were observed in flu plants after a dark-to-light shift: a cell-death response and the rapid inhibition of growth (11) . These stress responses were compared with those of the tAPX-overexpressing flu line that was subjected to the same dark-to-light shift. The overexpression of tAPX did not reduce the intensity of the two 1 O 2 -induced stress responses but, unexpectedly, amplified both of them.
First, the cell-death response was measured by determining the electrolyte leakage of cut leaves of flu, tAPX-overexpressing flu, and wild type that were floated on distilled water in transparent containers and before cutting had been kept in the dark for 8 h. After 24 h of reillumination, electrolyte leakage of leaves of the flu mutant reached Ϸ29% of total electrolyte content ( Fig. 2C ). In leaves of the tAPX-overexpressing flu mutant, the electrolyte leakage was almost twice as high, reaching 46% after 24 h of incubation (Fig. 2C ). Least square means for flu and tAPX-overexpressing flu lines were significantly different (P Ͻ 0.001) at each tested time point after reillumination.
The second stress reaction of flu to the release of 1 O 2 , i.e., growth inhibition, was measured by recording continuously the growth rate of the emerging stem of mature plants that are ready to bolt (Fig. 2D) . The growth rate of wild type, flu, and tAPXoverexpressing flu reached Ϸ0.3 mm/h when these plants were kept under continuous light and was uniformly reduced in all three lines to Ϸ0.2 mm/h after they were transferred to the dark for 4 h (Fig. 2D) . Upon reillumination the growth rates of all three lines initially increased, but after Ϸ30 min of reillumination, started to diverge drastically. Whereas in wild-type plants the elevated growth rate was maintained for the following hours of reillumination, the growth rate of flu plants was inhibited to slightly Ͻ0.2 mm/h and slowly recovered afterward and finally approached the rate of wild-type plants. In contrast, growth of tAPX-overexpressing flu was almost completely abolished, and the plants hardly recovered during the time of the experiment.
Similar to wild type also, the tAPX-overexpressing wild type was not inhibited in its growth and showed no increased electrolyte leakage when exposed to a dark-to-light shift (data not shown).
Overexpression of Thylakoidal Ascorbate Peroxidase Affects the Expression of Genes Induced During the Release of Singlet Oxygen.
Distinct sets of genes have been shown to be activated selectively either by 1 of ROS (11) . In a first pilot experiment, marker genes from each of these three sets were used to determine by quantitative RT-PCR whether reduced levels of H 2 O 2 in tAPX-overexpressing flu modulated their expression levels after a dark-to-light shift. The transcript levels of most of these marker genes were increased further during reillumination of flu plants that overexpressed tAPX, with the extent of stimulation being more pronounced after 2 h of reillumination than after 30 min (data not shown). Therefore, the effect of reduced levels of H 2 O 2 on global 1 O 2 -mediated gene expression changes in the flu mutant was analyzed comprehensively at 2 h after the dark/light shift by using Affymetrix (Santa Clara, CA) ATH1 microarrays. Two hours after the dark-to-light shift, 1,356 genes of Arabidopsis showed a Ͼ2-fold increase in their transcript levels in the flu mutant relative to wild-type plants (see Materials and Methods for the stringency of data analysis), highlighting a massive transcriptome reprogramming in response to 1 O 2 (Fig. 3A) . A massive increase of gene expression also was seen in tAPX-overexpressing flu that is similar to the one observed in flu (Fig. 3B) . However, in this line, 1,605 genes showed a Ͼ2-fold increase in their transcript levels relative to wild-type plants, indicating that the intensity of the response in tAPX-overexpressing flu is higher than in flu. When the transcript levels in flu and tAPX-overexpressing flu tAPX were compared and this comparison was restricted to the 1,356 genes initially shown to be upregulated in flu at least 2-fold, the 1 O 2 -mediated stimulation of these genes in tAPX-overexpressing flu was on average 1.4-fold higher than in the parental flu plants (Fig. 3 B and C) . Similarly, 618 genes were down-regulated Ͼ2-fold in flu relative to wild-type as compared with the 1,004 genes in tAPX-overexpressing flu (data not shown). These 618 transcripts were on average 1.3 times more abundant in flu than in tAPX-overexpressing flu. Genes that in flu were only weakly affected by the release of 1 O 2 , i.e., Ͻ2-fold relative to wild type, were also only very weakly stimulated in tAPXoverexpressing flu: genes that showed a Ͻ 1.1-fold difference in their transcript level to wild type were not detectably altered in their transcript level in tAPX-overexpressing flu (Fig. 3C) . Thus, differences in transcript levels detected during the pairwise comparisons were not caused by the intrinsic variation of transcript measurements during the experiments (see Materials and Methods).
Coregulated Clusters of Genes induced by Singlet Oxygen.
1 O 2 -activated genes were classified by using k means clustering (GeneSpring, Silicon Genetics; see Materials and Methods) to identify genes that may form coregulated clusters. To remove genes with unreliable measurements and enrich for relevant changes, the clustering of genes was restricted first to those that were detected as ''Present'' or ''Marginal'' in both replicas of all four lines, flu, tAPX-overexpressing flu, wild type, and tAPXoverexpressing wild type (see Materials and Methods). Based on these selection criteria, 839 of the 1,356 genes initially found to be activated 2-fold in flu relative to wild type, were chosen. In a second selection step aimed at enriching for early 1 O 2 -induced genes, only those of the 839 genes were considered that were up-regulated at least 2-fold already during the first 30 min after the dark-to-light shift, according to previously reported data (11) . Based on this selection of early induced genes, a total of 182 genes was retained for the final cluster analysis. Three main gene clusters could be distinguished. Cluster 1 comprised 71 genes [see supporting information (SI) Fig. 4 and SI Table 1 ] that were strongly up-regulated in flu by 1 O 2 2 h after the dark-to-light shift (average induction ϭ 12.05-fold) and were slightly more upregulated (in average 1.46-fold) in tAPX-overexpressing flu, but were not affected in tAPX-overexpressing wild type (average fold difference compared with wild type ϭ 1.02). Cluster 2 contained 87 genes (see SI Fig. 4 and SI Table 1 ) that were moderately up-regulated in flu after the release of 1 O 2 (average induction ϭ 4.46-fold), also further up-regulated in tAPXoverexpressing flu similar to genes of cluster 1 (in average 1.47) and only very weakly affected by tAPX in wild type (average fold difference compared with wild type ϭ 1.17 fold). Cluster 3 contained 24 genes (see SI Fig. 4 and SI Table 1 ), whose responses to the release of 1 O 2 were slightly distinct from those of genes of clusters 1 and 2. These genes were up-regulated to a similar level in both tAPX-overexpressing flu and flu and were slightly up-regulated in tAPX-overexpressing wild type relative to the wild-type control (in average 1.4-fold). Although we were able to distinguish three different clusters of genes, their expression profiles were not dramatically divergent. Overall, genes that were rapidly up-regulated in flu after 1 O 2 release during a dark-to-light shift were up-regulated further in tAPXoverexpressing flu. The overexpression of tAPX in wild type, however, had almost no effect on gene expression during the dark-to-light shift.
Discussion
In plants placed under abiotic stress, the overall level of different ROS within chloroplasts increases rapidly. The relative contribution of each of these ROS to this general and transient increase, however, may vary depending on the actual environmental stress to which plants are exposed. (19) , whereas the production of O 2
•-and H 2 O 2 is enhanced not only under chilling stress but also under drought conditions, when CO 2 reduction is restricted. The selective perception of ROS that are chemically distinct and produced preferentially under specific stress conditions (4) seems to enable plants to adjust their responses to the needs imposed by enhanced levels of a given ROS, for instance, by increasing levels of appropriate scavengers.
We have reported previously that in Arabidopsis, the release of 1 O 2 activates a distinct group of early stress response genes that are different from those activated by O 2
1 O 2 -specific signaling pathways also have been described for mammals (20) (21) (22) (23) , Chlamydomonas (24) , and the phototrophic bacterium Rhodobacter sphaeroides, in which the alternative sigma factor, sigma(E), is essential for activating a specific transcriptional response to 1 ) that was expected to enhance primarily 1 O 2 production were more resistant if they were pretreated with high concentrations of exogenous H 2 O 2 2 h before the beginning of high light stress, as indicated by a reduction of photoinhibition and the absence of visible damages of the leaves (26) . It is tempting to speculate that in this case, similar to what has been reported in our present work, H 2 O 2 protects photosynthetic membranes by modulating the signaling of 1 O 2 that is generated during high light stress.
The overexpression of tAPX did not confer a detectable enhanced resistance or sensitivity to plants that were challenged either with moderate high light (700 mol of photons⅐m Ϫ2 ⅐s Ϫ1 ) that stimulates jointly the production of 1 O 2 , O 2
•-, and H 2 O 2 (9) or with low temperature combined with a mild light stress (4°C, 200 mol of photons⅐m Ϫ2 ⅐s Ϫ1 ) (14) . It is also remarkable that under no stress, the overexpression of tAPX did not affect plant fitness and only very poorly affected gene expression. The overexpression of tAPX altered the stress sensitivity of plants only under conditions that endorsed selectively the release of a particular ROS and led to a higher resistance to O 2 amplified the disequilibrium between 1 O 2 and H 2 O 2 , thereby revealing the modulating activity of H 2 O 2 that normally negatively regulates 1 O 2 -mediated stress responses. The cross-talk between these two ROS also is likely to affect stress responses of wild-type plants, in particular when these are exposed to severe adverse environmental conditions.
Because the activity of thylakoidal ascorbate peroxidase is confined to the chloroplast (14) and 1 O 2 , because of its short half-life, seems to be unable to leave the plastid compartment, the cross-talk between these two ROS is likely to take its origin from within the chloroplasts. However, it is not known yet whether this interaction is a more direct one with both ROS reacting with a common target that is shared by 1 O 2 -and H 2 O 2 -depending signaling pathways or whether the modulating influence of different H 2 O 2 concentrations on 1 O 2 -mediated signaling is a more indirect one, for instance, by changing the redox state of the plastid. The tripeptide glutathione, which is essential in determining the redox state of the cell (27) and which is present in large amounts inside the plastids (27) , might be a likely candidate for a factor that is involved in mediating the H 2 O 2 -dependent control of 1 O 2 -dependent signaling. It has been shown that the size and redox state of the glutathione pool rapidly changes in response to biotic (28) and abiotic stress conditions (29) that evoke an enhanced production of ROS. Glutathione, as well as ascorbate, have been implicated with the control of stress defenserelated gene expression (30) (31) (32) (33) (34) (35) . The impact of H 2 O 2 and glutathione on plants, however, might be inverse, higher concentrations of H 2 O 2 protecting plant cells against photooxidative stress and reducing the extent of photoinhibition of photosynthesis, excess amounts of glutathione having an opposite effect (26) . This apparent paradox has been attributed to the reverse control of the redox status of the Q A -Q B -plastoquinone pools by H 2 O 2 and glutathione. Glutathione reduces Q A and lowers the electron transport efficiency in PSII, whereas treatment of chloroplast membranes with H 2 O 2 increases the oxidation of Q A and enhances the efficiency of electron transport in PSII. The former treatment would be expected to stimulate the generation of 1 O 2 by PSII, whereas the latter should reduce the amounts of 1 O 2 . The next step is to investigate the effect of glutathione on 1 O 2 -mediated stress responses and its possible role during the cross-talk between 1 O 2 -dependent and H 2 O 2 -dependent signaling pathways.
Materials and Methods
Plant Materials, Growth Conditions, and Stress Treatments. Arabidopsis thaliana lines used in this work were of the Columbia ecotype (Col0). They were cultivated on soil under continuous light (100 mol⅐photons m Ϫ2 ⅐s Ϫ1 ) until they reached the rosette leaf stage. For the analysis of changes in the expression of genes after paraquat treatment, 3-week-old wild-type and thylakoidal ascorbate peroxidase-overexpressing plants were sprayed either with a solution of 20 M paraquat (methyl viologen; Sigma, St. Louis, MO) in 0.1% Tween or with Tween alone, and rosette leaves were harvested at the indicated time point. For each sample, the rosette leaves of at least eight plants were collected for RNA extraction.
RNA Isolation and Quantitative RT-PCR. Total RNAs were prepared as described in ref. 36 , treated with RQ1 RNase-Free DNase (Promega, Madison, WI), and reverse transcribed by using random hexamers and SuperScript II RNase H Ϫ Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. Quantitative real-time PCR was performed with equal amounts of cDNAs by using the ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA), a SYBR Green PCR kit from Applied Biosystems, and gene-specific primers. Relative mRNA abundance was calculated by using the comparative delta-Ct method and normalized to the profilin 1 (At2g19760) gene levels. Profilin 1 is not affected by paraquat treatment or in flu upon a dark-to-light shift, unlike the commonly used actin 2 (data not shown).
Array Hybridization and Evaluation. Affymetrix Arabidopsis ATH1 GeneChips were used throughout the experiment. Experimental procedures are described in SI Text and according to Minimum Information about a Microarray Experiment standards for plant genomics (37, 38) .
Microarray Data Analysis. Microarray data were analyzed further with GeneSpring GX 7.3.1 software (Silicon Genetics). Raw data were preprocessed from Affymetrix CEL files by using GCRMA (39) . To adjust for differences in labeling and detection efficiencies, data were normalized by using the Affymetrix standard normalization for one-color data as follows: data transformation-set measurements Ͻ0.01 to 0.01; Per Chip: Normalize to 50th percentile; and Per Gene: Normalize to median, cutoff ϭ 10 in raw data. In addition, only those transcripts that were called present or marginal in at least both duplicates of the same line were taken into account. A cutoff value of 2-fold change was adopted to identify genes that were differentially expressed in flu compared with wild type after the dark-light shift. Only genes that showed in each duplicate of pairwise comparisons to wild type at least a 2-fold change (biological replicate A compared with A; biological replicate B compared with B) were considered as robustly regulated. This analysis identified a set of 1,356 genes showing a robust change of expression in flu after a dark-light shift.
For k means clustering analysis, only those genes were selected that were called present or marginal in both duplicates of all lines. k means was applied by GeneSpring with standard correlation as a mean to divide genes into groups based on their expression patterns.
Cell Death Measurements. The cell death reaction was monitored by electrolyte leakage measurements. Measurements were done with a conductivity cell (TetraCon-325, Universal Pocket Multiline P4; WTW, Weilheim, Germany). Mature 3-week-old plants grown under continuous light were transferred for 8 h to the dark. At the end of the dark period, rosette leaves were cut and f loated on distilled water in transparent containers. After 30 min of preincubation in the dark, the containers were transferred to the light for up to 24 h. The conductivity of the solutions was determined at different time points. The maximum electrolyte content was obtained by boiling the samples for 25 min at 100°C. The electrolyte leakage rate was compared between plant lines in four independent experiments by using the ANOVA test (SAS Software; SAS Institute, Cary, NC). Plant lines were compared by using least-square means of electrolyte leakage rate separately for each time point after reillumination.
Growth Measurements. Growth of the primary stem was determined by using an extensometer device coupled to a laser deflection system as described in ref. 11 .
Extraction and Measurement of Protochlorophyllide. Tetrapyrroles were extracted from rosette leaves with 80% acetone supplemented with ammonia to a final concentration of 0.1% (vol/vol). Porphyrins were separated on a C18 reverse-phase silica-gel column (Nucleosil ODS 5 m, 250 ϫ 4.6 mm; Machery Nagel, Duren, Germany), and protochlorophyllide was detected by its fluorescence by using the 430-nm excitation and 630-nm emission wavelengths.
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